Root hairs are lateral extensions of epidermal root cells involved in the uptake of water and nutrients, in anchoring the plant in the soil (Peterson and Farquhar, 1996; Gilroy and Jones, 2000) , and in the interaction between nitrogen-fixing rhizobacteria and their Fabacean host plants (Mylona et al., 1995; Long, 1996) . They emerge as bulges from the outer periclinal cell wall of epidermal cells and elongate almost perpendicularly to the root axis by tip growth (Medicago truncatula: Shaw et al., 2000) , which reflects an underlying polarity of the cytoarchitecture (M. truncatula: Sieberer and Emons, 2000) .
In growing root hairs, cytoplasm, including the nucleus, is concentrated in the subapical region, whereas the basal part is highly vacuolated (vetch [Vicia sativa]: De Ruijter et al., 1998; M. truncatula: Sieberer and Emons, 2000) . The subapical cytoplasmic dense region contains endoplasmic reticulum (ER), mitochondria, plastids, and Golgi bodies (vetch: Miller et al., 2000) . At the base of this subapical cytoplasmic dense region is the nucleus, which follows the expanding tip at a certain distance (M. truncatula: Sieberer and Emons, 2000) . The extreme apex of the hair looks smooth in the differential interference light microscope, and has been shown with electron microscopy to be filled with vesicles (freeze fixation/freeze substitution: Equisetum hyemale: Emons, 1987 ; Vicia hirsuta : Ridge, 1988 : Ridge, , 1993 Vicia villosa: Sherrier and Van den Bosch, 1994 ; Arabidopsis: Galway et al., 1997; vetch: Miller et al., 2000) .
The subapical cytoplasmic dense region is configured by fine bundles of actin filaments, called FBactin (Miller et al., 1999) . It is thought to function in the transport and/or keeping of Golgi vesicles to the vesicle-rich region in the hair dome. After chemical fixation and fluorescein-phalloidin staining of growing hairs, this vesicle-rich region at the very tip appears to be devoid of filamentous actin when observed with a confocal laser-scanning microscope (CLSM; vetch: Miller et al., 1999) . The strongest indication that this typical actin cytoskeleton is involved in tip growth comes from its reaction to Nod factor, a lipochito-oligosaccharide secreted by rhizobacteria. Nod factor enhances this cytoskeleton configuration in all developmental stages of root hairs , whereupon hair tips swell and new tip growth restarts in those that were arresting growth (De Ruijter et al., 1998) . Furthermore, tip growth in 1 B.J.S. and F.G.P.L. were supported by a grant from the European Community Training and Mobility of Researchers Program (grant no. FMRX CT 98 0239). A.C.J.T. was supported by a shortterm fellowship from the European Advanced Light Microscopy Facility of the EMBL.
2 These authors contributed equally to the paper.vetch root hairs is inhibited by cytochalasin D, an actin-depolymerizing drug (Miller et al., 1999) . Most of the earlier work on microtubules (MTs) in root hairs has dealt with cortical MTs (CMTs) and their role in cellulose microfibril orientation (for review, see Emons and Mulder, 1998; Ketelaar and Emons, 2000) . Endoplasmic MTs (EMTs) have been observed only in legume root hairs, and their precise configuration and role remain unclear (Lloyd et al., 1987) . Authors have proposed several functions for MTs in root hairs. They may control growth orientation (Arabidopsis: Bibikova et al., 1999) , regulate the organization of actin filaments (Hydrocharis: Tominaga et al., 1997) , connect the nucleus to the expanding tip (V. hirsuta: Lloyd et al., 1987) , or determine the width of the root hair tube (E. hyemale: Emons et al., 1990) . Despite these studies, the functions of MTs in tip growth are still less clear than those of actin filaments. Furthermore, no description exists of MTs during all stages of root hair development.
We made use of green fluorescent protein (GFP) technology to visualize MTs in all developmental stages of living root hairs of M. truncatula, a legume well studied for the interaction with rhizobia and mycorrhizal fungi (Cook, 1999) . The dynamics of the cytoskeleton in living cells may occlude its clear observation. Compare for instance GFP-talin-labeled actin (Baluska et al., 2000) with fluoresceinphalloidin-stained actin (Miller et al., 1999) in root hairs. Furthermore, we wanted to know whether the same population of MTs is labeled with the GFP microtubule-binding domain (MBD) fusion protein as with immunocytochemistry. The MBD is of animal origin and thus might not label all MTs in root hairs. Therefore, we compared the results obtained with in vivo labeling of MTs by GFP-MBD with results obtained with immunocytochemistry after rapid freeze fixation/freeze substitution (FF/FS), the most reliable fixation method (Emons, 1987) , also for light microscopy (Baskin et al., 1996; Vos and Hepler, 1998) . With both methods, we made similar observations and it was possible to monitor the configuration of MTs in all stages of root hair development.
Each stage of root hair development had a specific organization of MTs. CMTs were present in all stages of hair development in stage-specific configurations, but EMTs were only present in the subapical region of vigorously growing root hairs. Studies with the MT-inhibiting drugs oryzalin and taxol gave evidence that EMTs are essential in maintaining the specific cytoarchitecture of growing root hairs, including a fixed distance between nucleus and hair tip, as well as to keep the growth rate of these hairs at a high level.
RESULTS
We studied the organization of MTs in M. truncatula root hairs in all developmental stages using CLSM. MTs were visualized by immunocytochemistry after FF/FS, or in vivo by GFP-MBD decoration. With both methods, we find the same configuration Sieberer et al.
of the MT cytoskeleton, but MTs decorated with GFP-MBD appear slightly thicker than MTs labeled with antibodies. Because MTs in living cells are dynamic, they appear thicker in in vivo imaging techniques than in fixed specimens. Root hairs of transformed roots developed normally and grew, with similar speed and pattern, as hairs of nontransformed roots.
Trichoblast (before Bulge Formation)
In M. truncatula, every root epidermal cell has the potential to form a bulge, and thus, in this species, all epidermal cells are trichoblasts (Sieberer and Emons, 2000) . This is different from Arabidopsis, for instance, where trichoblasts and atrichoblasts are organized in cell files (Dolan et al., 1994) . A trichoblast of M. truncatula has one large main vacuole, which fills the cell except for a few cytoplasmic strands traversing the vacuole and a thin layer of peripheral cytoplasm containing all organelles and the nucleus. Within one cell, CMTs are oriented obliquely with different angles and/or transversely to the long axis of the root (Fig. 1A) . At the presumptive site of bulge formation, CMTs are transverse to the root axis and parallel to each other. We have not detected EMTs in transvacuolar cytoplasmic strands of trichoblasts before bulge formation; therefore, in this aspect, they are the same as other diffuse growing plant cells (BY-2 tobacco cells: Collings et al., 1998; Granger and Cyr, 2000) .
Bulge
In M. truncatula, root hair development starts with the formation of a bulge in the middle of the outer periclinal wall or slightly toward the root tip. Young bulges have a triangular shape with the large vacuole extending into the bulge. The nucleus is located at the site opposite to the bulge at the inner periclinal wall (Sieberer and Emons, 2000) . At the site of the bulge, CMTs are mainly transverse to the long axis of the root (Fig. 1, B and D) . Toward both distal ends of the cell, CMTs may be slightly obliquely oriented at this stage (Fig. 1, B and D) . CMTs in the bulge are continuous with CMTs in the epidermal part of the trichoblast and pass through the tip of the bulge where they loop through (Fig. 1, B and D) . At the tip of the bulge, the distance between CMTs increases when the bulge expands. We did not observe any EMTs between the nucleus and the tip of the bulge (Fig. 1, C and E).
Initiation of Polar Growth
During the transition from bulge to the tip-growing root hair stage, cytoplasm accumulates at the very tip of the bulge and forms a short cytoplasmic dense region there. The nucleus is still in the epidermal part of the cell ( Fig. 2A) . CMTs are still oriented transversely to the root axis and a few of them still loop through the tip of the developing bulge (Fig. 2 , B, C, F, and G). It is interesting that within the cytoplasmic layer at the tip, single EMTs appear (Fig. 2, D and H) and increase in density as the subapical cytoplasmic dense region becomes larger (compare Fig. 2 , A with E and D with H). We observed EMTs in living GFP-MBD expressing hairs and in immunolabeled FF/FS hairs of this developmental stage.
Growing Root Hairs
Regularly growing root hairs exclusively elongate by tip growth. A growing root hair of M. truncatula has a characteristic cytoarchitecture (Sieberer and Emons, 2000) . It is shown in Figure 3A and it consists of an apical smooth, vesicle-rich region at the very tip, which is followed by a subapical cytoplasmic dense region containing the nucleus. The nucleus follows the expanding tip at a distance of 30 to 40 m, measured from the hair tip to the middle of the nucleus (see below). During this stage of vigorous tip growth, the central vacuole never enters the subapical cytoplasmic dense region, although extensions of the central vacuole may temporarily penetrate this region.
CMTs in the base of a young growing root hair are net-axially oriented to the root hair axis and are continuous with CMTs in the subapex, which have the same orientation (Fig. 3 , B, C, and E). Later, still during tip growth, CMTs are longitudinal in the lower part of the hair tube and net-axial in the subapex (data not shown). In the CLSM images taken from living root hairs and immunolabeled FF/FS samples, the very tip of a growing root hair is devoid of CMTs (Fig. 3 , B, C, and E). In the shank of the root hair, the density of CMTs is higher in growing root hairs than in hairs of other developmental stages.
EMTs are located exclusively in the subapical cytoplasmic dense region between the basal part of the nucleus and the tip of the hair in a densely structured three-dimensional array (Fig. 3, D and F) . We observed EMTs around and close to the nucleus in a high density. To determine whether these EMTs originate from the nuclear envelope, attach to it, or just surround it was not part of this study and would require a completely different set of experiments, including, for instance, lifetime imaging during fluorescence resonance energy transfer. EMTs in the lower part of the subapical cytoplasmic dense region occur in a higher density and deviate more from the long axis of the hair than the EMTs close to the root hair tip. Some EMTs are reaching the very tip (Fig. 3 , D and F).
Growth-Arresting Root Hairs
Root hair growth-arrest starts when the main vacuole has permanently passed the nucleus (Sieberer and Emons, 2000) . Thin extensions of the vacuole are reaching the very tip; growth rate subsequently drops, and eventually cell elongation stops. During growth arrest, the nucleus does not follow the tip of the hair any longer and the cytoplasmic dense region decreases progressively in length. While the cytoplasmic dense region disappears, the central vacuole expands toward the tip (Fig. 4A) . Growth arrest is a gradual process, and root hairs in this developmental stage are still growing to a certain extent before stopping growth (Sieberer and Emons, 2000) . In growtharresting hairs, CMTs (Fig. 4 , B, C, and E) are netaxially oriented all along the root hair tube and they are reaching the very tip. As the subapical cytoplasmic dense region gets smaller, the area with EMTs gets shorter, but as long as growth continues, EMTs remain present close to the tip (Fig. 4, D and F) . When growth stops, all EMTs have disappeared.
Full-Grown Root Hairs
A full-grown hair typically has a thin peripheral layer of cytoplasm around the large central vacuole (Fig. 5A) , and the nucleus has a random position within the hair (Sieberer and Emons, 2000) . CMTs, the only remaining population of MTs in full-grown root hairs (Fig. 5, B-F) , are net-axial in the hairs that recently have stopped growth, and mainly longitudinal in the hairs that terminated growth earlier (compare Fig. 5 , D with F). CMTs are converging at the very tip of the hair (Fig. 5, B-E) . In full-grown root hairs, the density of CMTs decreases over time (Fig. 5F ), resulting in living hairs with few detectable MTs left. Full-grown root hairs never have EMTs (Fig. 5, C and E) .
Effect of Low Concentrations of MT Inhibitors on Growing Root Hairs
To study the function of EMTs, they were depolymerized with oryzalin and stabilized with taxol. Oryzalin is a dinitroaniline herbicide that binds rapidly and reversibly to plant tubulin with high affinity (Hugdahl and Morejohn, 1993) and depolymerizes plant MTs (Morejohn et al., 1987) . It binds to tubulin heterodimers in the cytoplasm, and thereby prevents further growth of MTs, leading to depolymerization of MTs, beginning with the more dynamic ones (for review, see Anthony et al., 1999) . Thus, the use of low concentrations of oryzalin and the observation of its effect in time may enable us to discriminate between more and less stable MTs. We applied oryzalin in concentrations of 0.25, 0.5, and 1 m to growing root hairs that had a length of 100 to 150 m by the time of drug application. None of these concentrations affected the viability of the root hairs or the cytoplasmic streaming. In all these concentrations, oryzalin did not inhibit bulge formation (data not shown). Furthermore, with all these concentrations, EMTs disappeared within 5 to 10 min, whereas CMTs remained present. Figure 6 shows this for 1 m oryzalin in a GFP-MBD-expressing root hair and an immunolabeled sample. EMTs, which normally are abundant in the subapical cytoplasmic dense region of growing hairs, were completely absent in oryzalintreated growing root hairs, whereas CMTs in the same hairs were not obviously affected.
Taxol, on the other hand, is a drug that binds to MTs and causes free tubulin in the cytoplasm to assemble into MTs, thus stabilizing MTs (Morejohn, 1991) . We found that the concentration of a range tested (0.25, 0.5, and 1 m) that had a clear effect on growth rate but did not affect cell viability was 1 m. We used taxol in a concentration that had a similar effect on root hair growth rate as 1 m oryzalin, which appeared to be 1 m. However, at 1 m, taxol root hairs completely recovered their growth rate within 2 to 3 h. Therefore, we refreshed the taxol every 120 min.
Oryzalin, at a concentration of 1 m, had striking effects on the cytoarchitecture of growing root hairs (Fig. 7, A-C) . Within minutes after application of oryzalin, growing root hairs lost their typical cytoarchitecture. The subapical cytoplasmic dense region disappeared gradually within 5 to 10 min, and the vacuole passed the nucleus and expanded toward the tip of the hair. An oryzalin-treated hair finally had no subapical cytoplasmic dense region, the tip-nucleus distance had increased (see below), and the smooth region containing the Golgi vesicles was still present at the very tip and became even slightly longer over time. The smooth region in an oryzalin-treated hair could even reach a length of 15 to 20 m instead of the normal length of approximately 3 m (Sieberer and Emons, 2000) . As long as oryzalin was not washed out of the growth medium, the growing root hairs did not reestablish their typical cytoarchitecture. Hairs were observed up to 7 h after drug application.
The nucleus of an oryzalin-treated growing root hair lost its typical position of 30 to 40 m from the tip and moved slowly backward in the root hair tube within the first 90 to 120 min after treatment (Fig.  8A) . After that time, the nucleus was again following the expanding root hair tip at a significantly larger distance (Fig. 8A) . A nuclear movement at the pace with cell elongation was observed in all hairs, but the distance between the nucleus and the tip was not the same in all hairs. In approximately 70% of the hairs, this distance was 140 Ϯ 30 m over a period of 4 to 5 h. The other 30%, not represented in Figure 8A , had a smaller (minimally 80 m) or larger (maximally 250 m) nucleus-tip distance, but also in these hairs, the nucleus followed the tip. The exact distance is not relevant here, but the fact that the nucleus keeps following the growing root hair tip is.
Taxol at a concentration of 1 m had no effect on the cytoarchitecture (Fig. 7, D-F) or the position of the nucleus (Fig. 8A) . The distance nucleus-tip of 30 to 40 m remained constant. Observed with brightfield microscopy over 7 h, the subapical cytoplasmic dense region did not show any obvious changes in cytoarchitecture and length compared with controls. Immunocytochemistry showed that 1 m taxol did not change the configuration of EMTs (data not shown).
Oryzalin, at the above mentioned concentration of 1 m, had a significant effect on the growth rate of growing root hairs, but did not inhibit tip growth per se (Fig. 8B) . Treated hairs did grow, but with a lower growth rate than untreated growing root hairs. We followed growing root hairs treated with oryzalin over a time span of 7 h. During this period, we did not observe any changes in shape and width of the root hair tube. Furthermore, these hairs always maintained one point of growth (i.e. the expanding tip). Shortly after application of 1 m oryzalin, most root hairs exhibited a single deviation from their normal growth axis, which is perpendicular to the root. In some root hairs, several deviations from the hairs' growth axis occurred irregularly over time in the presence of oryzalin. However, we never observed a wavy growth pattern of root hairs after MT inhibitor treatment, as described for Arabidopsis (Bibikova et al., 1999 ). An important difference with that work is that these authors depolymerized all MTs, whereas in our approach, only EMTs were depolymerized and not the CMTs. It is not known whether Arabidopsis has EMTs; they have not been reported.
When oryzalin was washed out after 7 h by replacing the medium with fresh plant growth medium (PGM), 35% to 40% of the growing root hairs fully recovered their cytoarchitecture, but their growth rate reached a maximum 70% of the initial growth rate (data not shown). This recovery took place over a period of 4 to 6 h.
Taxol, at a concentration of 1 m, had a similar effect on the growth rate of growing root hairs as oryzalin (Fig. 8B) . Although the growth rate in taxoltreated growing root hairs dropped to approximately 40% of the initial growth rate, the distance nucleustip of 30 to 40 m remained constant. In 1 m taxol, root hairs maintained one single point of growth, always kept the same directionality of growth, and always had the same shape as control root hairs.
Oryzalin in concentrations of 10 and 30 m had the same effect on the cytoarchitecture of growing M. truncatula root hairs as a concentration of 1 m had (data not shown). Growing root hairs that had a length of 100 to 150 m by the time of drug application were observed for at least 5 h. Within minutes of treatment, the distance between nucleus and hair tip increased, whereas the subapical cytoplasmic dense region disappeared. The apical vesicle-rich region remained unchanged and tip growth itself proceeded, but growth rate dropped in a similar way as in hairs treated with 1 m oryzalin. Using immunocytochemistry after a 30-min treatment with 30 m oryzalin, we could not detect EMTs or intact CMTs in these hairs, whereas they kept on growing for hours. 
DISCUSSION
In this paper, we report changes in the spatial configuration of the MT cytoskeleton during development of M. truncatula root hairs and the effect of MT inhibitors on the MT configuration, the cytoarchitecture, the nuclear position, and the growth rate of growing hairs. The results obtained with the two approaches used, cells expressing a GFP-MBD fusion protein (Marc et al., 1998) and immunolabeled fixed whole-mount samples, were similar. Thus, we conclude that the GFP-MBD construct decorates the same set of MTs as does the anti-␣-tubulin mouse monoclonal antibody clone DM 1␣. We identified two different populations of MTs in root hairs: CMTs, present in all developmental stages, and more dynamic and labile EMTs, unique for growing root hairs. Furthermore, we did not observe any measurable effect on root hair development, cytoarchitecture, growth pattern, and growth rate of GFP-MBDexpressing root hairs.
CMTs during Root Hair Development
All diffuse growing interphase plant cells have CMTs, which are transverse to the direction of elongation of the cell. They become less frequent and obliquely aligned when cell elongation decelerates (for review, see Traas et al., 1985; Cyr, 1994; Wasteneys, 2000) . These MTs are involved in cell elongation and appear often, but not always, in the same orientation as nascent cellulose microfibrils (for review, see Sugimoto et al., 2000; Wasteneys, 2000) . As expected, the diffuse growing trichoblasts have CMTs transverse to the root axis. The time of bulge formation seems to be the time these cells begin to stop growing. At their upper and lower edges, MTs are becoming helical when bulges first appear. However, at the site of bulge formation, the CMTs are transverse, and after bulge appearance, they are still in this orientation running over the tip of the bulge. During bulge formation, the distance between CMTs increases; they seem to passively part at the bulge tip. In the presence of oryzalin, bulges are being formed normally. In addition, from studies on the cytoskeleton (actin: Miller et al., 1999; actin and MTs: Baluska et al., 2000), ultrastructure (vetch: Miller et al., 2000) , and cytoplasmic [Ca 2ϩ ] gradients in wild-type Arabidopsis and the rhd-2 mutant (Wymer et al., 1997) , it was concluded that bulge formation is a distinctly different process than tip growth of the root hair proper.
CMTs have been found in root hairs of all species examined in helical or mostly net-axial orientations (for review, see Emons, 2000, 2001) . The function of CMTs in root hairs is still not clear. Arabidopsis root hairs with depolymerized MTs (Bibikova et al., 1999) or a mutant with disorganized CMTs (Whittington et al., 2001) continue to elongate by tip growth, but in a slightly wavy pattern. Thus, CMTs do not seem to be required for growth per se, but appear to be involved in determining direction of elongation (Bibikova et al., 1999) . Because CMTs are often found to be aligned with microfibrils, it is often thought that CMTs are responsible for directing nascent cellulose microfibrils. However, contradictory examples have been reported, and other mechanisms have been pro- posed (for review, see Emons and Mulder, 2000) . The configuration of CMTs we now find in growing root hairs is net-axial in the upper part of growing root hairs and helical in the basal part. A cell wall study has yet to be performed for M. truncatula.
In M. truncatula root hairs, CMTs are absent from the extreme tip in the GFP-MBD plant and after FF/FS immunolabeling. In electron microscopy images of FF/FS root hairs of other species, CMTs were very close to the tip. They have been observed in the area where the Golgi vesicles are located (E. hyemale: Emons, 1989 ; Arabidopsis: Galway et al., 1997) . The absence of CMTs from the very tip could be explained by insufficient labeling of MTs at this place. The specific binding sites of CMTs close to the tip of a growing root hair may not be fully accessible for GFP-MBD or antibodies because CMTs at this site are highly decorated with MT-binding proteins. Therefore, the absence of CMTs in M. truncatula should be confirmed with electron microscopy.
EMTs during Root Hair Development
EMTs are unique for the subapical region in tipgrowing root hairs of M. truncatula. From our experiments with low concentrations of oryzalin, it is clear that EMTs are far more sensitive to depolymerization than CMTs and thus are more dynamic than CMTs (Anthony and Hussey, 1999) .
Until now, EMTs have only been reported for legume root hairs, and not for any other species. Lloyd et al. (1987) found EMTs in growing root hairs of V. hirsuta that were hypothesized to connect the migrating nucleus to the root hair tip, where they fountain out upon the cortex. We have not seen similar structures in M. truncatula. Lloyd et al. (1987) used chemical fixation and immunolocalization to visualize MTs and, due to the limited resolving power of the fluorescence microscope as compared with a CLSM, the precise configuration of EMTs is still a matter of speculation. In our hands, EMTs appear at the root hair tip when tip growth starts from bulges, they remain present in the tip region during cell elongation, and they disappear upon growth arrest. In growing root hairs, EMTs form a densely structured threedimensional array close to and in front of the nucleus. They extend throughout the subapical cytoplasmic dense region toward the tip region, appearing less dense there. A few EMTs reach the very tip. What is the function of these EMTs? Are they involved in cell elongation or the determination of growth direction, nuclear positioning, regulation of tube width, or actin filament configuration? We discuss the function of EMTs in cell elongation and in configuring cell architecture, including nuclear position.
Function of EMTs in Configuring the Subapical Cytoplasm, including the Localization of the Nucleus at a Certain Distance from the Hair Tip
The MT-depolymerizing drug, oryzalin, at a concentration of 1 m, caused a dramatic change in the cytoarchitecture of the subapex of growing M. truncatula root hairs, whereas taxol, an MT-stabilizing drug, left the cytoarchitecture intact. EMTs, but not CMTs, were depolymerized by 1 m oryzalin. The most straightforward conclusion from these experiments is that EMTs must contribute directly or indirectly to the cytoarchitecture of growing root hairs. Therefore, we conclude that EMTs are involved in supporting the organization and maintenance of the subapical cytoplasmic dense region. The question then arises: What is the relationship with the actin cytoskeleton? The actin cytoskeleton forms a specific configuration of FB-actin in the subapical cytoplasmic dense region (Miller et al., 1999 ). An interesting option for the function of EMTs is the one suggested by Tominaga et al. (1997) for Hydocharis morsus-ranae root hairs. From their experiments in which they combined actin and MT drugs, these authors suggest that MTs regulate the organization of actin filaments in the cortex of root hairs. In diverse cell types, functional interactions may exist between the actin and MT cytoskeleton (for review, see Goode et al., 2000) and have been suggested for tip-growing plant cells (for review, see Kropf et al., 1998) .
Their role in the positioning of the nucleus at a distance of 30 to 40 m to the growing root hair tip is related to the role of EMTs in the formation of the subapical cytoarchitecture. In an oryzalin-treated hair, the nucleus first loses its position, but after a period of backward movement, it is again actively following the (now more slowly) growing tip at a larger but again fixed distance. For Arabidopsis root hairs, it has been reported that MT inhibitors such as oryzalin and taxol had no effect on nuclear movement (Chytilova et al., 2000) . The question, not only for drug-treated cells, but also for control cells is: What keeps the nucleus following the root hair tip? Our results show that EMTs are necessary for keeping the nucleus at a certain position to the root hair tip, but are not sufficient for nuclear movement.
Function of EMTs in Cell Elongation
Oryzalin, at a concentration at which only EMTs are depolymerized, caused a completely different cytoarchitecture, but had the same effect on growth rate as taxol at a concentration that kept the cells viable. Oryzalin caused the disappearance of the subapical cytoplasmic dense region, but in taxol-treated hairs, the cytoarchitecture of apex and subapex remained unaltered. After treatment with oryzalin, the smooth vesicle-rich region at the very tip remained present and even increased in length. What is the same in both treatments is that the vesicle-rich region at the root hair tip remains present. This is the one and most important prerequisite for tip growth. The fusion of the vesicles with the plasma membrane is the actual cell elongation process, which of course cannot take place if the vesicles are not there. We conclude that exocytotic vesicles are still being produced and delivered to the vesicle-rich region, and they fuse with the plasma membrane in growing root hairs treated with oryzalin or taxol. Tip growth proceeds, though at a low rate. From electron microscopy experiments, we know that the subapical region of legume root hairs contains longitudinal cisternae of the ER, mitochondria, and Golgi bodies (vetch : Miller et al., 2000) . Actin labeling has shown the occurrence of subapical net-axial FB-actin (vetch: Miller et al., 1999) . Because hairs in which the subapical EMTs are not present anymore (oryzalin) or stabilized (taxol) do still grow, EMTs, possibly together with or in relation to FB-actin, configure the subapical cytoplasm, but the vesicle transport system appears to be actin based. The combined EMTs, FB-actin, and ER cell structure may form a subapical buffer reservoir for exocytotic vesicles in transit to the apical vesiclerich region.
In the presence of oryzalin and taxol, the growth rate of root hairs drops by 60%. The simplest explanation for this in the case of oryzalin is that the delivery of exocytotic vesicles to the vesicle-rich region is inefficient because there is no buffer of vesicles. Along the same line, this delivery may be inefficient in the presence of taxol because the EMTs are not functioning properly. In addition, there are root hairs of Limnobium stoloniferum (A.M.C. Emons, unpublished data) or H. morsus-ranae (see figures in Tominaga et al., 1997) , for instance, that do not have a subapical cytoplasmic dense region or that have an extremely short one. Of course, they do possess a vesicle-rich region. Growth rates of root hairs of species with and without a subapical cytoplasmic dense region have not been compared.
One should have an open mind for other possible explanations. One of the important observations is that although the subapical cytoplasmic dense region disappears in oryzalin-treated hairs, the vesicle-rich region remains present and even enlarges. The fact that upon oryzalin treatment, the vesicle-rich region enlarges, whereas growth rate is tempered, suggests that the drug may interfere with the growth process, exocytosis, itself. In that case, taxol should interfere with exocytosis in a similar fashion.
Relevance of Endoplasmic MTs for Legumes
It is striking that EMTs have only been reported for legume root hairs, although MTs in root hairs of several species have been studied (for review, see Ketelaar and Emons, 2000) . Several of these studies were designed to investigate the relationship of CMTs with cellulose microfibrils. Therefore, only the cell cortex was investigated, and EMTs may have been missed.
However, we should consider that legume root hairs might be special. Legumes have developed symbiosis with rhizobia. During the root hair curling around rhizobia, one of the first steps during the infection process, the cytoplasm (cytoskeleton, ER, Golgi bodies, etc.) mediates the curling and the formation of an infection thread through which the bacteria traverse the hair toward the root cortex. One can imagine that for curling and infection thread formation, EMTs are important. Sieberer et al. 
MATERIAL AND METHODS

Plant Culture
Seeds of Medicago truncatula cv Jemalong (Fabaceae) were scarified with 97% (w/v) sulfuric acid for 10 min and were surface sterilized with a mixture of 96% (v/v) ethanol and 30% (v/v) hydrogen peroxide (ethanol: hydrogen peroxide [1:1, v/v]) for 3 min. After rinsing with sterile water, seeds were imbibed for 4 h at 30°C in sterile water and then placed on 1% (w/v) agarose plates. Plates were sealed and stored upside down in the dark for 2 to 4 d at 4°C to synchronize germination. During germination for 6 to 8 h at 24°C, the seeds were protected from light. Seedlings were transferred onto wet filter paper and were grown in vertical orientation for 24 to 48 h under sterile conditions at 24°C with a 16-h day length. The PGM, which was used to humidify the filter paper, contained 1.36 mm CaCl 2 , 0.97 mm MgSO 4 , 1.12 mm Na 2 PO 4 , 1.36 mm KH 2 PO 4 , and 20 m Fe-citrate, pH 6.5 (Miller et al., 1999) .
In a different setup, seedlings were grown at an angle of approximately 25 o for 24 to 30 h in microchambers in between a coverslip and a glass slide (Fåhraeus slides: Fåhraeus, 1957; Heidstra et al., 1994) in sterile conditions at 24°C with a 16-h day length. Each Fåhraeus slide contained two seedlings and 3 mL of PGM.
Whole-Mount Immunocytochemistry of MTs
For rapid FF, seedlings were plunged into liquid propane cooled to Ϫ180°C with liquid nitrogen and were kept there for at least 20 s. Roots were excised and transferred into cryogenic vials, freeze substituted in water-free methanol containing 0.05% (v/v) glutaraldehyde for 48 h at Ϫ90°C, and allowed to warm to room temperature over a 24-h period. Samples were rehydrated in a graded series of methanol in phosphate-buffered saline (PBS; 137 mm NaCl, 2.7 KCl, 1.5 mm KH 2 PO 4 , and 8.1 mm Na 2 HPO 4 , pH 7.4) containing fixative (0.1% [v/v] glutaraldehyde and 4% [w/v] paraformaldehyde). After rehydration, a partial cell wall digestion was carried out in a saturated suspension of driselase (Fluka, Buchs, Switzerland) and macerocyme R10 (Serva, Heidelberg) in 100 mm MES for 40 min at 35°C and pH 6.15. The specimens were then washed two times for 5 min in PBS and, to block unspecific sites, were incubated for 5 min in PBS containing 0.1% (w/v) acetylated bovine serum albumin (BSA ac ; Aurion, Wageningen, Netherlands) and 0.05% (v/v) Triton X-100 (BDH Laboratory Supplies, Poole, UK). The samples were incubated for 12 h at 4°C in the monoclonal primary antibody anti-␣-tubulin mouse, clone DM 1␣ (Sigma, St. Louis). The primary antibody was diluted 1:300 (v/v) in PBS containing 0.1% (w/v) BSA ac and 0.05% (v/v) Triton X-100. After washing three times for 5 min in PBS, the samples were incubated for 12 h at 4°C in the secondary antibody goat against mouse/IgG/Alexa 488 (Molecular Probes, Eugene, OR). The secondary antibody was diluted 1:300 (v/v) in PBS containing 0.1% (w/v) BSA ac and 0.05% (v/v) Triton X-100. Specimens were washed twice for 5 min with PBS and for 5 min with CITIFLUOR PBS solution (Citifluor, London), and were mounted in an antifading medium (PROLONG ANTI-FADE; Molecular Probes).
Microscopic Observation
Anti-␣-tubulin-labeled MTs were visualized with a CLSM (MCR 600; Bio-Rad, Hertfordshire, UK) with an argon-krypton ion laser attached to an inverted microscope (DIAPHOT300; Nikon Europe B.V., Badhoevedorp, The Netherlands) equipped with a 60ϫ FL 1.4 n.a. oil immersion objective (Nikon). Samples were scanned in subsequent steps of 1 m. Images were acquired and projected with Confocal Assistant, version 4.02 (Bio-Rad, written by Todd Clark Brelje) and were processed with Scion Image Beta 4.0.2. (Scion Corporation, Frederick, MD) and Adobe Photoshop 5.5 (Adobe Systems, Mountain View, CA).
